Urban geological hazards involving ground instability can be costly, dangerous, and affect many people, yet there is little information about the extent or distribution of geohazards within Europe's urban areas. A reason for this is the impracticality of measuring ground instability associated with the many geohazard processes that are often hidden beneath buildings and are imperceptible to conventional geological survey detection techniques. Satellite radar interferometry, or InSAR, offers a remote sensing technique to map mm-scale ground deformation over wide areas given an archive of suitable multi-temporal data. The EC FP7 Space project named PanGeo (2011)(2012)(2013)(2014), used InSAR to map areas of unstable ground in 52 of Europe's cities, representing ~15% of the EU population. In partnership with Europe's national geological surveys, the PanGeo project developed a standardised geohazard-mapping methodology and recorded 1286 instances of 19 types of geohazard covering 18,000 km 2 . Presented here is an analysis of the results of the PanGeo-project output data, which provides insights into the distribution of European urban geohazards, their frequency and probability of occurrence. Merging PanGeo data with Eurostat's GeoStat data provides a systematic estimate of population exposures. Satellite radar interferometry is shown to be as a valuable tool for the systematic detection and mapping of urban geohazard phenomena.
1: INTRODUCTION
This article presents an analysis of results from the EC FP7 Space project named PanGeo (www.pangeoproject.eu) that ran from 2011 to 2014. Based upon the satellite remote sensing technique of radar interferometry, the project mapped 19 types of geological hazard within 52 European cities. Geological hazards, or 'geohazards', are conditions relating to geology that have the potential to cause harm or damage (UNISDR, 2016) , often involving some form of ground motion or instability. Geohazards can be costly, dangerous, and affect many people. This is especially true in urban environments which greatly increase the impacts of geohazards and amplify their effects (Howard, 1999) . Geohazards include fast-moving events, such as landslides, earthquakes or collapses associated with mining that often result in metre-scale ground movements occurring over a few minutes. Geohazards also include slower-moving (mm/year to cm/year) phenomena, that often remain hidden and undetected beneath the built environment, but that still present significant costs to society, e.g. the €11bn of losses in the UK between 1971 and 2009 for damage caused by shrink-swell clays (MunichRe, 2016) . Ground instability may lead to financial loss with regard to ownership or management of property, impacting on householders, businesses developers or local government (Booth, Diaz Doce, Harrison, & Wildman, 2010) . With 70% of the global population likely to live in urban areas by 2045 (Ministry of Defence, 2014) , the vulnerability of society to urban geohazards is set to grow with increasing population density and collocation of high-value assets (European Environment Agency, 2010).
Although urban geohazards pose a significant threat to the European economy, information is scarce regarding the extent and distribution of geohazards within European urban areas. The ability to measure vulnerability and exposure, as a part of disaster risk reduction activities, was a priority in the Hyogo Framework for Action (2007) , yet still no universal measurement methodology exists and there are few relevant quantitative data sets (Kaluarachchi, Indirli, Ranguelov, & Romagnoli, 2014) . Even for landslides, ubiquitous and deadly in parts of Europe, there is no European overview or policy, there are discrepancies in databases, and information is not generally available (EEA: European Environment Agency, 2010). Indeed, that EEA reference only cites 77 landslides in Europe (although not specifying any size threshold), whereas the research presented here has recorded 292 landslides within just the 52 cities examined. National geological surveys maintain geospatial databases of geohazards, but these vary considerably in terms of convention, coverage and quality from one survey to another and cannot represent a systematic or accessible European geohazard inventory.
A reason for the lack of knowledge relating to the distribution of urban geohazards has been the impracticality of mapping the evidence for ground instability, or ground motions, over wide areas at an effective scale. This means that most inventories are ones of geohazard 'susceptibility' deduced from interpretations of geological maps which may vary considerably in scale, for instance, from 1:10,000 to 1:200,000. Inventories may also include data gathered in the field, but such observations are of necessity smaller-scale. Europe's cities have been built over centuries, layer on layer, and in many cases the underlying surficial geology has been obliterated or is
unknown. An indicator of some urban ground instabilities would be insurance claims history, but on a European scale such data are incomplete, disaggregated, often non-standardised and/or subject to commercial confidentiality.
1.1: Satellite radar interferometry (InSAR)
The application of InSAR for detecting and measuring Earth-surface motions has revolutionised the capability to map geohazards (Gabriel, Goldstein, & Zebker, 1989; Massonnet et al., 1993) . InSAR compares the phase of the radar echo on a pixel-by-pixel basis throughout a multi-temporal synthetic aperture radar (SAR) dataset to calculate changes in the line-of-sight distance between the satellite and the Earth's surface. In other words InSAR is able to map terrain motion. The simplest form of InSAR (commonly known as 'conventional') uses three SAR scenes of the same area separated in time to build two digital elevation models (DEM) that are differenced to reveal topographic change that might have occurred between the imaging dates (Gabriel et al., 1989) .
Two SAR scenes and a conventionally-derived DEM can also be used. The key limitation of conventional InSAR is atmospheric refraction influencing signal path length, in effect reducing displacement resolution to around a cm -too coarse to measure many slower-moving ground instabilities (although often suitable for measuring the larger, nearly-instantaneous, displacements relating to co-seismic events). The PanGeo project employed the more advanced and sensitive technique known as 'Persistent Scatterer' InSAR (PSI) that uses many tens of multi-temporal SAR datasets to facilitate a more accurate modelling of the atmospheric contribution, thereby increasing displacement resolution to sub-millimetre precision. PSI processing outputs a timeseries for each radar-scatterer that is usually converted into a 2D map of average annual velocities covering the epoch represented by the dataset (Ferretti, Prati, & Rocca, 2001; Crosetto, Monserrat, Cuevas-González, Devanthéry, & Crippa, 2015; Capes, R. Marsh, 2009) The objective of PanGeo was to productise PSI within a geohazard information system aimed at the non-specialist, particularly local authorities who currently have little, if any, information on geohazards in their areas of responsibility. The project incorporated the InSAR technique into the mapping of unstable ground in 52 European cities, representing ~15% of the total EU population and nearly a third (29%) of the EU27 built environment (European Commission, 2016a) . In partnership with all 27 of Europe's national geological surveys the project developed a 4 standardised geohazard-mapping methodology (Table 1) , and went on to record 1286 instances of 19 types of geohazard covering 18,000km 2 . Presented here is an analysis of the results of further processing of the PanGeo-project output data to provide a first understanding of the distribution of geohazards across these 52 European urban areas, along with their frequency and probability of occurrence. Cross-referencing the PanGeo results with Eurostat's GeoStat data has produced the first systematic estimates of population exposures to urban geohazards across Europe.
2: METHOD
The PanGeo project utilised InSAR as the basis for the development of a standardised geospatial inventory of urban geohazards. The inventory covered 52 of Europe's largest cities, all with populations >100,000 (Table 2 and Figure 1 ). Each country has two cities included, except Cyprus and Luxembourg, as these countries have only one city each with a population exceeding 100,000. Besides requiring a population of >100,000, the cities were selected in two ways: 27/52 were pre- cities were PSI-processed using all ESA SAR mission data available for each city at the time. This involved C-band (5.6 cm ) SAR data from ERS-1/2 and Envisat, ranging from 1992 to 2010. PSI processing epochs varied from city to city depending on SAR data availability. This implies the relative time-independence of many geohazard types, e.g. clay shrink-swell cycles and tectonic processes, but geohazard phenomena can have distinct life-cycles such as compaction of made land or the effects of long-wall coal-mining. The analysis should therefore be considered as a 'long-exposure snapshot' of ground instabilities across these cities.
The PanGeo project gave training to the geological surveys in the understanding and use of PSI data before providing the InSAR data for their analysis and interpretation. Using these data, along with other maps, field data, and existing knowledge, each survey mapped polygons of urban geohazard at 1:10,000 scale, classifying them using 19 geohazard types. Areas of geohazard were determined in one or more of three ways: i) by evidence of ground motion from the InSAR results, ii) from fieldwork and geological survey observations, and iii) interpretation of geological maps to indicate susceptibility to a geohazard, i.e. the 'geological potential' for a geohazard. Thus, for each of the 52 cities, a 'Ground Stability Layer' GIS shapefile file was created containing all the geohazard polygons for that city, along with an associated database providing: hazard type, determination method, confidence level and areal extent. A 'Geohazard Description' document was also compiled by the relevant national geological survey, where an overall geological context was provided, along with a systematic interpretation of each geohazard polygon that made up the 
2.1: Re-assessment of PanGeo data
For this study, 52 Ground Stability shapefiles and corresponding Geohazard Descriptions were downloaded from the PanGeo website and merged into a single database, yielding 1286 geohazard 'records' in total (a database record can relate to one polygon of one geohazard type, or to >1 polygon of the same geohazard type, a multipart polygon). Values for the 'area' database field were missing for 248 of the records, requiring a re-computation of the associated polygons, which was carried out using the QGIS geographical information system.
A geohazard can exist within, or overlap, another geohazard (e.g. a landslide zone within an earthquake zone), and so the Ground Stability Layers could include overlapping polygons of different geohazard types, thus combining the hazard effects in that area. For that reason, the overall area of a city exposed to geohazards, referred to here as the 'geohazard footprint', was usually smaller than a simple addition of all individual polygons. Because it was necessary to know the overall area of each city exposed to geohazards, any overlapping polygons of different geohazard type were merged.
The percentage of each urban area exposed to geohazards relied on knowing the area analysed for each city. The PanGeo Production Manual specifies that the EC 'Larger Urban Zone' (LUZ) definition should form the limit of analysis for each city (Roberts, 2015) . However, examination of the Ground Stability Layers in QGIS revealed that varying criteria had been used: for some the LUZ boundary was used, for others a smaller municipal boundary, and for others the extent of the InSAR analysis was deemed sufficient. Careful reading of the Geohazard Description documents was needed to ensure that the correct size area was used, and in some cases a new polygon of analysis-extent was digitised from the information given.
Estimates of population exposure were made using Eurostat's 2011 GeoStat population grid (European Commission, 2016b) . This is a grid of points at 1 km spacing with a population record for each point based on census data. As many smaller geohazard polygons would fall between the population points, the GeoStat points were merged in QGIS with a 1 km 2 polygon grid, each cell taking the mean of the four points at each corner. Each Ground Stability Layer was then merged with the population grid, and where intersections occurred, the population summed. Another anomaly involved the 'Earthquake' geohazard type. After an initial analysis of the data, it was decided to omit this geohazard type and its five corresponding records from the study for four reasons:
 The inclusion of polygons relating to earthquake hazard had been rather arbitrary with, for instance, no seismic-hazard threshold defined.
 Some geological surveys had not been clear on whether to include earthquake hazard polygons as they would cover the entire area of analysis.
 The five existing 'Earthquake' records accounted for 34% (over 6000 km 2 ) of the total geohazard coverage, thereby having a significant impact on the analysis although the coverage was judged inaccurate.
 Limiting the area of earthquake hazard to the area analysed could be confusing and dangerous to those considering earthquake risk.
A complete database was then assembled, containing 1281 records of 18 geohazard-types for 52
cities, each record giving: geohazard group, geohazard type, determination method, confidence level, observation date, area, and population. These data were further analysed using SPSS and MS Excel to produce a series of statistics and charts, discussed below.
3: RESULTS
Global statistics for all 52 cities are presented first. This is followed by detail of the frequency and probability of geohazards, before looking at geohazards by city, and then by type. The total population for all 52 cities covered by the analysis was 75,000,000, approximately 15% of the EU27 population (at the time of the PanGeo project, there were 27 EU countries). The average area analysed per city was 996 km 2 . The total area analysed within the 52 cities was 51,800 km 2 , of which nearly 10,000 km 2 (20%) was deemed hazardous, with nearly 32.5 million people exposed.
The summed area of individual geohazard polygons was 18.5% larger than the 'geohazard footprint', due to geohazards of one type overlapping geohazards of another. In Figure 4 , the total area of each of the geohazard groups is shown, compared to the populations exposed (the 'other & unknown' categories are combined). The 3,760 km 2 of 'Man-Made Instability' had a large population exposure, ca. 27 million, suggesting that anthropogenic intervention, such as construction, positively correlates with population density. Almost 25 million people were exposed to 'Natural Ground Movement' which covers an area of 4,538 km 2 and includes the 'shrink-swell clays' geohazard. Due to some large areas of geohazard, only 10% of the 1281 geohazard records account for 95% of the total geohazard area. The 'geological potential' method accounted for only 21% of all geohazard records, but, due to the nature of drawing polygons around areas of common geology, the method accounted for nearly 69% of the total area of geohazards mapped. Conversely, 21% of records were 'observed in the field' yet it represented only 4% of total geohazard area (480 km 2 ), perhaps unsurprising, considering the limited ability of field observers to cover much ground. All polygons classified as 'unknown' were interpreted from InSAR. The analysis indicates the substantial contribution of InSAR, especially for the mapping of 'compressible-ground', 'compaction', 'mining' and 'waterabstraction'. Nearly 60% of all records (27% of total geohazard coverage) were derived from satellite InSAR: the inference being that those instances of geohazard would otherwise have gone undetected, at least until some adverse geohazard effect was observed. InSAR is seen to offer a proactive solution for urban geohazard detection, informing emergency planners and potentially enhancing disaster risk reduction efforts.
An analysis was made to assess the relationship between the size of the areas analysed and the size of geohazard footprints, and also to determine the probability of geohazard occurrence. Figure 6 shows a scatter-plot of the area analysed in relation to the area of geohazard footprint.
Two clusters of cities appear present in the plot; a group of six cities with geohazard areas >400 km 2 (London, Rome, Faro, Amsterdam, Rotterdam and Toulouse), and another of the remaining 46 cities with geohazard areas <400 km 2 . Lines of linear regression were put through these two clusters, as well as for all 52 cities.
Figure 6: Relationship between area analysed and area of geohazards
When considering all 52 cities, the relationship between the area analysed and area of geohazard was weak with a coefficient of determination (R 2 ), giving an indication of the fit of the linear regression, of only 0.1, indicating that 89% of the variation in the size of geohazard footprint is not due to the size of the area analysed, but is unexplained (the main driver probably being the underlying geology). On the basis of this weak correlation, the predicted area of geohazard footprint in the sampled European cities was the area analysed multiplied by 0.17 + 21.
The regression through the six cities with geohazard areas >400 km 2 , showed a stronger relationship with an R 2 of 0.3. These cities lie in the top 17% of all 52 cities when ranked by the percentage of the area analysed being geohazardous (see Figure 9a ), all having >30% geohazard
coverage. There appears no geohazard-correlation between these six cites, with the main drivers as follows: London -shrink-swell clays, Amsterdam -peat oxidation, Rotterdam -peat oxidation and gas, Faro -ground dissolution, Toulouse -shrink-swell clays, Rome -volcano, compressible and collapsible ground, landslides.
With the six outliers excluded, regression through the remaining 46 cities showed little correlation with an R 2 of 0.03 (97% of variation in geohazard area not due to area analysed). With large-area potential earthquakes areas excluded, this result maybe as expected, with the area of a city exposed to geohazards not determined by how large that city is but rather by its underlying geology.
The average area of each city exposed to geohazards was 19% of the area analysed. However, the data were positively skewed (1.8) and a boxplot analysis showed a 50% quartile range from 2%-18% of geohazard coverage, with a median of 7%. The plot treated as outliers the same six cities clustered in the scatterplot with geohazard areas >400 km 2 ( Figure 7 ). geohazard types? The chart shows how every city had at least one type of geohazard, and that a city had a 49% chance of having four geohazard types. The average number of geohazard types per city was 4.17 ( = 2.3). The inference here, given this sample of 52 cities, is that all large European cities are exposed to geohazards of some description -the issues are widespread.
The data analysed suggests that an average city of 1.5 million people could have 4 different types of geohazard covering an area of 186 km 2 ( = 298), exposing 626,000 people. The four most likely types of geohazard are 'man-made-ground', 'compressible-ground', 'landslide' and 'other', i.e. mapped from InSAR but with the cause not known.
The next three results consider the data by city. Figure 9a shows all 52 cities ranked by the amount of their area that was exposed to geohazards. Amsterdam and Rotterdam were both ca.
95% exposed, due mainly to peat oxidation and compressible ground in the former, and gas production and shallow compaction in the latter. London was 88% exposed to 8 different hazard types, including large areas of shrink-swell clays. Figure 9b shows the area of geohazards for each city compared to the population exposed, providing a population density indicator. It reveals how London had by far the most exposure with 8.2M people residing within geohazardous areas covering 1,400 km 2 . Rome had the next largest geohazard footprint (1,250 km 2 ), but only 3M people exposed. Overall, Malta was the most stable, with the least exposure to geohazards. Figure 9c shows the number of different geohazard types in a city compared to the area analysed.
There appears no correlation between the amount of area analysed and the number geohazard types present in the 52 cities analysed. Indeed, Palermo in Italy had the second smallest area analysed (159 km 2 ), yet 10 different types of geohazard -equal only with Vienna that had the 10 th smallest area analysed (415 km 2 ). Conversely, Hannover in Germany had only three geohazards mapped, yet 2,600 km 2 were analysed. The final set of results consider the PanGeo data by geohazard type. Figure 10a shows the percentage of cities exposed to geohazards by type, compared to the total area of that geohazard type. For example, looking at the first two columns from the left, over 60% of all cities were exposed to geohazards from 'made-ground' and 'compressible-ground', although the combined area of the latter exceeded that of the former by 9:1. The percentages on the left vertical axis can be viewed as the probability of the geohazard-type occurring, e.g. the study
suggests there was a 56% chance that landslides would affect any individual European city. The data revealed that issues relating to 'salt tectonics' in this sample were minimal with only one geohazard record relating to 4 km 2 exposing 25,000 people. Figure 10b charts the area of each geohazard type, compared to the number of people exposed. In the 52 cities sampled, over 16 million people were exposed to the possible effects of compressible-ground. There were also large exposures to 'shrink-swell clays' (ca. 8.8 million) and 'made-ground' (ca. 8.5 million).
Population estimates for each geohazard type should not be added, because polygons of different geohazard types could overlap. Figure 10c shows the total area of each geohazard type, compared with its number of records. 'Compressible-ground' represented the largest geohazard by area (2,570 km 2 ), and had the largest number of records (313 -24%), perhaps unsurprising considering that most European cities have evolved near rivers and/or coasts, where compressible sediments and alluvium often accumulate. There were also many records for 'landslide' (292), 'made-ground' (169), 'mining' (122) and 'soil creep' (97). Those geohazard types constituted 77% of all records, but only 36% of total geohazard area, suggesting these geohazard types were of smaller area but higher frequency as illustrated in Figure 11 . was the ubiquity of geohazards in European cities -a fifth (19%) of all urban area, and nearly half (43%) its population, are exposed to at least one form of geohazard. These statistics indicate the need for routine and standardised information on European geohazards: current systems, when they exist at all, tend to under-sample the insidious and slow-moving geohazards that can damage infrastructure and buildings, and usually focus on life-threatening geohazards only.
The fact that the majority of geohazard records (60%) were derived from InSAR is a remarkable achievement for Earth observation. Even more so, considering the R&D nature of the European Space Agency missions involved (ERS-1/2, 1991 -2011 , Envisat, 2002 -2012 , with both satellite SAR sensors only providing 35-day sampling rates (repeat imaging), and with many, often conflicting, scientific objectives that disrupted the consistent flow of InSAR-compliant data. This situation has now radically changed, with the EU's Copernicus Programme (www.copernicus.eu) and the Sentinel-1 satellite mission, which aims to provide high-quality InSAR services on a reliable and routine basis. The higher sampling rate and spatial resolution of these satellites means that their data products have better 'deformation resolution' and are better able to handle a wider range of ground motion velocity. For example, the UK NERC-funded project 'Looking Into the Continents from Space' will InSAR-map the world's earthquake belts with a deformation-rate resolution of just 1mm/year over 100km (Wright, 2016) . As sensitivity improves and new processing algorithms are developed, more of what was currently mapped as a potential geohazard from the interpretation of a geological map, might in future be mapped as 'observed by InSAR' from more direct observation. If the PanGeo project were repeated using Sentinel-1 data (given the same temporal extent of archive), it is suggested the overall number of geohazard records would increase, as would the proportion determined from InSAR interpretation. That being so, it is still the case that some forms and rates of terrain motion will not be detected by InSAR due to issues of poor coherence, signal aliasing with larger magnitude displacements, and non-linear motions.
4.1: Limitations of the study
The aim of PanGeo was to productise InSAR for the good of local authorities, the public and others. It was not designed as an experiment to assess geohazard distribution across large European cities in general, hence the inclusion of cities with known or suspected geohazards that may have biased the analyses. However, the datasets assembled were created according to a systematic methodology, and they warranted a collective analysis, particularly to be of interest to
European policy-makers. It is suggested that, although there may be some bias, the results are indicative of the nature and distribution of geohazards across large European cities.
The Ground Stability Layers were made by 27 different national geological surveys, of varying size and capability. Extracting results of a consistent and standardised nature would have been a challenge. To that end comprehensive documentation was provided, including a production manual, a product specification, and a dossier of quality assurance aimed at users (Roberts, 2015) .
The impressive results of the national geological surveys' work has enabled a systematic analysis of the geohazards across 52 European cities. However, there is still room for improvement in quality control and policy, given that some polygons were overlooked or omitted, and there was confusion on the interpretation of earthquake geohazards.
Population estimates should be considered as indicative only, because some significant overestimates of exposure are presumed. This is due to the comparatively coarse resolution of the population database (1 km 2 grid) compared to geohazard polygon areas: 968 of the 1286 polygons were smaller than 1 km 2 , although the average area was 14 km 2 . The over-estimation could not be usefully quantified because it was dependent on the polygon size and shape, the population cell's value, and the amount of overlap at each population cell. Over-estimates would lessen as the size of polygons increase, and the proportion of partial cell-cover decreases. It would be preferable to improve the spatial resolution of the population grid, for instance, to 100 m 2 (10 m x 10 m) cell size.
4.2: Further research
This study could provide stimulation for further analysis of the same data, or the application of the data-gathering exercise to other cities. There are, after all, a further 253 cities in the EU with >100,000 people, as well as important non-urban infrastructure (such as power plants, dams, bridges, canals and utility 'life lines'), all susceptible to geohazards. As well as attempting to provide a continued or expanded public service, further work could include a more controlled choice of targets, enabling a more experimentally-valid approach to a statistical assessment of geohazard distribution across Europe. An ongoing service with routine updates (now made possible with free Sentinel-1 SAR data) would help assess the time-dependency of some geohazards.
A key unanswered question concerns the costs caused by urban geohazards, due to damage and disruption. No attempt has been made in this study to map the costs of the geohazards: the effort involved would be substantial and worthy of a further research project. Cost estimates are obtainable for, e.g., losses due to earthquakes, and for some shrink-swell clays. However, translating into costs the areas and people exposed to geohazards when unknown parameters include the numbers or types of affected structure, and the average cost of repair, requires considerably more work, probably involving both an insurer with access to claims history and a civil engineer with an understanding of remediation costs.
Analysis with other datasets besides population could be useful, and correlation with land cover types could provide further data on exposure and vulnerability. A useful example, could be the EC-funded Urban Atlas, available via the European Environment Agency website (European Environment Agency, 2016) . This provides 1:10,000 scale, 20-class land cover maps (derived from 2.5 m optical satellite imagery) for the 305 EU cities with populations greater than 100,000. A limitation of the data is the bundling together of industrial, commercial, military, public and private land cover types into one class. Varying urban fabric densities are however differentiated, along with communications.
For interpretation by the geological surveys, the InSAR data were visualised as a 2D map indicating average annual ground velocity in the satellite line of sight. This is made by making a linear regression through each scatterer's time-series to calculate an average annual displacement.
Doing this has the effect of averaging-out noise, but also, significantly, discounts ground deformations occurring in a non-linear fashion, e.g. clay shrink-swell cycles. It is therefore likely that some ground instabilities present in the period represented by the InSAR processing epochs
were not detected by the technique. There is also the issue of the time-dependency and lifecycles of various geohazards, e.g. the average annual velocity map implicitly averages out any instantaneous, one-off displacement that may have occurred. However, as stated, the InSAR data represented just one source of information to the expert interpreter, and so, in the example of clay shrink-swells, the presence of certain surficial clays is enough to interpret a potential geohazard.
The InSAR data contain the time-series of ground deformation for each measurement point, as determined by the system's sampling rate, i.e. the satellite's 35-day repeat imaging (for both ERS and Envisat) of the same locations in the same imaging geometry. Different time-series display different profile characteristics, dependent on the nature of the ground motion involved. For instance subsidence from mining might display much steeper time-series than those measuring the settlement in compressible-ground (Colesanti, Ferretti, Prati, & Rocca, 2003) . The introduction of polynomial modelling in time-series generation, allowing for changing rates of motion, could expand this characterisation further (Ferretti, Bianchi, Prati, & Rocca, 2005; Ferretti, Prati, & Rocca, 2000) . With the amount of data generated in the PanGeo project, it would be useful to analyse for correlations between InSAR time-series profiles and geohazard-type. This could help in determining the nature of some 'unknowns'. This would, however, require access to the InSAR results, which are not publicly available. Work on characterising geohazards by time-series profile would be assisted by the potential 6-day sampling rate from Sentinel-1a and 1b combined.
The geohazard polygons were awarded one of four confidence levels -high, medium, low, and 'external' when evidence for the hazard came from elsewhere. Analysis shows that confidence levels were high for a third of all records determined by InSAR, for half of records determined from geological maps, and for 65% of records determined through field observation. It would be interesting to investigate correlations between geohazard types, methods of determination and confidence levels, to see if InSAR is particularly suited to the detection of any particular geohazard type.
5: CONCLUSION
This work presents a first systematic synopsis of urban geohazards based on a sample of 52
European cities. A collective area representing 15% of the EU population was analysed, nearly half of which was shown to be exposed to at least one type of geohazard. The average city, with 1.5 million people, could have 4 types of geohazard covering an area of 186 km 2 , exposing 626,000
people. On average, 20% ( = 25%) of each city area was exposed to at least one geohazard. The data was, however, positively skewed (1.8) and the median value was 13% with outliers included.
More people were exposed to geohazards in London than the other 51 cities, although Amsterdam and Rotterdam had the highest proportion of their areas (ca. 95%) exposed to one or more geohazards.
The most common geohazard was 'made-ground' followed by 'compressible-ground', perhaps indicative of population increase and the frequent association of urban areas with riparian and/or coastal zones. There was no correlation between the size of area analysed and the number of geohazard types present. For instance, Palermo, the second smallest area analysed, is exposed to 10 geohazard-types. Only a weak correlation was shown between the size of the area analysed and the extent of geohazard, with 89% of the variability related to other factors, such as the difference in underlying geology from one city to another.
In this study, 60% of the 1281 geohazard records were interpreted from satellite radar interferometry, the inference being that without this technology, these hazards would have gone un-noticed until some adverse and possibly costly consequence was observed. Satellite radar interferometry has proved to be a valuable tool in the detection and mapping of urban geohazard phenomena, and the new EU-funded Sentinel-1 mission, dedicated to providing routine and operational InSAR services, can only enhance this value. Geohazards are costly and ubiquitous:
this study highlights the need for further research and the establishment of publicly-funded, routine, satellite InSAR-based mapping and monitoring of urban geohazards.
